Piles are widely used as reinforcement structures in geotechnical engineering designs. If the settlement of the soil is greater than the pile, the pile is pulled down by the soil, and negative friction force is produced. Previous studies have mainly focused on the interaction of pile-soil under static condition. However, many pile projects are located in earthquake-prone areas, which indicate the importance of determining the response of the pile-soil structure under seismic load. In this paper, the nonlinear, explicit, and finite difference program FLAC3D, which considers the mechanical behavior of soil-pile interaction, is used to establish an underconsolidated soil-pile mode. The response processes of the pile side friction force, the pile axial force, and the soil response under seismic load are also analyzed.
Introduction
Pile foundation is widely used in geotechnical design as a reinforcing structure [1] [2] [3] . If the pile is driven into consolidated soil and the settlement of the pile is greater than that of the soil, the pile is supported by the soil, and positive friction force is produced. If the settlement of the soil is greater than that of the pile, the pile is pulled down by the soil, and negative friction force is produced. Given the pulling effect of soil, the negative friction force on the pile side will reduce its carrying capacity, causing engineering instability [4] . Therefore, the mechanism of a pile in underconsolidated soil and the distribution of the positive and negative friction forces should be examined considering its significance in engineering design. Theoretical analysis, as well as laboratory and in situ experimental methods, had been used by several studies to establish interactional models of pile and soil [4] [5] [6] . Qualitative experimental results have been obtained [7] [8] [9] [10] . These previous studies have mainly analyzed the pile-soil response under static force, but pile engineering can be located in an earthquake-prone area. Thus, examining the response of pile-soil structure under seismic load is important; Tabatabaiefar et al. [11] depicted different effects on the seismic response of moment-resisting building frames and lateral seismic response of building frames considering dynamic soil-structure interaction effects [12] . At present, FLAC3D, a nonlinear explicit finite difference program that considers the mechanical behavior of soil-pile interaction, has been widely used in geotechnical engineering [13] [14] [15] . Cai [16] applied FLAC and Phase 2 to analyze tunnel excavation problems. Hakami [17] used FLAC and FLAC3D to simulate a comprehensive pump test at Sellafield and predict the hydromechanical consequences of the sinking of a shaft. In the current study, we used the numerical software FLAC3D to establish an underconsolidated, soil-pile model and analyze the response processes of the pile side friction force, pile axial force, and soil under seismic load. The results are expected to provide further insight into the underlying pile-soil interaction mechanism and the load transferring law of pile. Figure 1 ). The pile is simulated by the pile element [18] in the FLAC3D and set at the center of the model. During the interaction of pile and soil, the pile bears the axial pressure, axial friction force, and transverse shear. The pile is divided into microsegments of equal length, which were used in the elastic-plastic analysis. Finally, the stress-strain response of the whole pile is obtained by the integral accumulation effect. Piles interact with the soil via shear and normal coupling springs. The coupling springs are nonlinear, spring-slider connectors that transfer forces and motion between the pile and the grid at the pile nodes (by way of the link emanating from each pile node). The normal and shear behavior of the pile-grid interface is cohesive and frictional in nature. The behavior of the normal coupling springs includes the ability to model load reversal and the formation of a gap between the pile and the grid. The normal coupling springs can simulate the effect of the host medium squeezing around the pile. The shear behavior of the grout annulus, during relative shear displacement between the pile/grout interface and the grout/soil interface, is described numerically by stiffness, cohesive strength, friction angle, and exposed perimeter. The equivalent linear dynamic behavior of soil-pile interaction during earthquake has been used, as indicated in Fatahi and Tabatabaiefar [19] work. The Mohr-Coulomb ideal elastic-plastic model is used to describe the stress and strain of the soil [20] [21] [22] . In the calculation, the load is the gravity stress field, and the physical and mechanical parameters are shown in Table 1 , where , , , and are the thickness, volume, elastic modulus, and cohesion of soil. Poisson's ratio is denoted by , and is the internal friction force angle. The parameters of the pile are as follows: diameter, 0.8 m; length, 15.0 m; elastic modulus, 25.0 GPa; Poisson's ratio, 0.2; and volume weight, 24.0 kN/m 3 . The model has two boundary conditions, namely, static and dynamic, in which the static boundary is set at normal displacement constraint on the bottom and sides. At the beginning of the dynamic calculation under the dynamic boundary condition with the free field boundary condition, the static constraint is removed, and a dynamic viscous boundary is applied to absorb the seismic waves. Meanwhile, a dynamic absorbing boundary is applied to the bottom of the model [23] .
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The Seismic Load.
The seismic waves are applied at the bottom of the model. According to the probability of exceeding 10% of the time history of the acceleration of the bed rock ( Figure 2 ) in 50 years [24] , the velocity-time history curve ( Figure 3 ) is obtained by the acceleration of time history curve. Then, subsequently, FLAC3D reads the velocity-time history curve (Figure 4 ) to apply the dynamic load at the bottom of the model. From the seismic safety evaluation report for the tested site in Changsha Hunan Province of China, the damping rate is considered as 0.05. Similar seismic waves are inputted on both -and -directions. The peak acceleration of the seismic waves on the -direction is set to two-thirds of that in the horizontal direction, and the duration of the calculated seismic waves is 6 s.
Calculations and Analysis
For the numerical calculation, we first establish the part under the soil and then obtain the system of the equilibrium state by calculation. Afterward, the upper part of the soil, consolidated soil, and pile are placed at the center of the model. Finally, the response of the soil deformations, distribution of Figure 5 shows the pile side friction force, which varies over time. The distribution and the values of the negative and positive pile side friction forces change over the seismic duration. Small differences are found between the forces in the model and those of the pile without the influence of an earthquake. The neutral point is the position at which the pile side friction force changes from positive to negative. The variation of the location of the neutral point is small over the seismic duration. This condition is due to the fact that although the corresponding displacement of pile and soil occurs under the dynamic forces, the relative displacement of pile and soil is small. Figure 6 shows the distribution of the corresponding pile side friction force. From the top to the bottom of pile, the algebraic value of the friction force is increasing, and the upper part of pile bears the negative friction force, which gradually transforms into positive friction force along the pile. The maximum value of the positive friction force is obtained at the bottom of the pile. The distributions of friction force with and without seismic load are the same, but their values vary over the seismic duration. 
Distribution of Friction Force.
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Distribution of Axial
Force. Figure 7 shows the variation in the pile axial force over time. From the top to the bottom of the pile, the axial force of pile initially increases and subsequently decreases along the pile shaft. In addition, the maximum value is obtained at the neutral point, at which the friction force is 0. Above the neutral point, the pile bears Distance from the ground (m) the negative friction force, and the axial force is the sum of its own weight and the negative friction force. Therefore, the axial force increases from the top of the pile to the neutral point. Below the neutral point, the pile bears the positive friction force, and the axial force is the difference of its weight and the positive friction force. Therefore, the axial force decreases gradually along the pile. In an earthquake, the axial force of pile also changes over the longitudinal waves in the seismic waves. Comparing these results with the axial force of pile without seismic load, the axial force is reciprocating around. For the particles of the rock and soil bearing the reciprocating action of the seismic waves, the axial force reaches its maximum value when the seismic duration earthquake lasts for 2, 3, and 6 s. The corresponding axial force is shown in Figure 8 , which shows that the whole pile is under compressive stress, and its value increases at the beginning and then decreases from the top to the bottom of the pile. Moreover, the axial force changes over the reciprocation of the seismic waves under different seismic durations (Figure 7 ). Figure 9 shows the numerical displacement contour of the soil around pile, in which the negative value indicates the downward direction of the displacement. Considering the impact of the pile side friction force, the soil is propped up and down by the pile. However, given the effect of seismic loads, especially the longitudinal waves, the settlement of soil changes significantly, but the variation rule is not monotonous. The compression and stretching effects on the soil occur alternately when the longitudinal waves pass. Consequently, the soil settlement increases and decreases alternately. The settlement reaches its maximum value of 5.13 cm when the seismic duration is 6 s.
Displacement Contours of the Soil around Pile.
Pile force Fx Magfac = 0.000e + 000
Positive with respect to SEL system Negative with respect to SEL system Maximum = 6.196e + 005 A comparison of the horizontal displacement contours of the soil around pile with and without seismic loads ( Figure 10) shows that the horizontal displacement of the soil around pile does not occur without an earthquake. However, when an earthquake occurs, the horizontal displacement becomes obvious. During the earthquake, the reciprocating variation of the horizontal displacement will occur. The effect of the seismic load on the horizontal shear action of soil becomes evident, and the maximum horizontal displacement of the surface soil is 4.18 cm, which occurs when the seismic duration is 5 s. Figure 11 further shows the 3D effect of the numerical displacement contour of soil. Considering the pile side friction force, the weight of soil, and the seismic effect, a certain amount of settlement occurs, and the maximum vertical displacement is 5.13 cm, which occurs when the seismic duration is 6 s. The settlement of the soil around pile varies with varying seismic durations, and the variation rule is not monotonous. Instead, the value changes with the reciprocating movement of the seismic waves.
Conclusions
(1) Under the seismic dynamic loads, the distributions of the negative and positive pile side friction forces vary over the seismic duration. Differences between the pile side friction forces with and without earthquake are obtained. In addition, during the earthquake, the neutral point of pile changes a little. (2) The axial force of pile with seismic load changes over the longitudinal waves in the seismic waves. Compared with the axial force of pile without seismic load, the axial force of the pile with seismic load also changes repeatedly because the rock and soil particles bear the reciprocating action of seismic waves.
(3) The effect of seismic loads, especially the longitudinal waves, causes significant changes in the settlement of soil, but the variation rule is not monotonous. The compression and stretching effects on the soil occur alternately when the longitudinal waves pass, causing an alternating increase and decrease in the settlement of the soil.
(4) Horizontal displacement of the soil around the pile does not occur without seismic load. However, when an earthquake occurs, the horizontal displacement increases. During an earthquake, the reciprocating variation of the horizontal displacement occurs, and the effect of seismic load on the horizontal shear action of soil becomes evident.
